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TECHNICAL NOTE NO. 1666

FLIGHT INVESTIGATION CF EFFECTS OF ROTOR-BLADE TWIST
ON HELICOPTER PERFORMANCE IN THE BIGH-SPEED AND
+ VERTICAT~AUTOROTATIVE~DESCENT CONDITIONS

By Alfred Gessow
SUMMARY

Flight-performance measurements were made on an untwisted, plywood~
covered rotor in the high—sepeed and vertical-autorotative—descent con—
ditlons., The results were compared with measurements on a similasy rotor
having 8° of linear washout and with theoretical calculations in order
to determine the effects of rotor—blade twist on helicopter performance.

The use of negetive blade twlst appears to be an effective means
for increasing the maximum speed of the helicopter as limited by blade
stall and for reducling the performance losses due to stall at a given
thrust coefficient end tip-speed ratio. In particular, an increase of
approximately 7 miles per hour or sbout 10 percent in the limiting
forward speed of the helicopter seems possible with the use of —-8° twist.
In terms of profile—drag power savings at a glven ailrspeed, once stalling
had developed on both rotors, the rotor profile—drag losses incurred by
blade stall could be reduced by approximstely 40 percent of the average
profile—drag power absorbed by the rotors in the unstalled conditlon by
use of —8° twist.

A comparison of the test results obtained with both rotors in
vertical power—off descent showed that negative blade twist had 1little
effect on the performance of the helicopter in that condition. As
indicated by limited data, the same conclusion appeared to be true for
the forward—flight glide condition as well.

Calculated values obtalned from asn svailable semliempirical theory
indicated that the measured rates of descent in vertical power—off descent
were 6 percent higher than the predicted values. Good agreement was
obtained, however, between the theoretical results and the few measured
rotor dragélift ratios obtalned in forward—flight autorotative glides.

INTRODUCTION .

Rotor-blade twist has often been advocated as an effective means
of minimizing the adverse effects of stalling of. the retreating blade
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of a helicopter rotor traveling at high tip—speed ratios. (See
references 1, 2, and 3.) These effects are manifested by increased
rotor power losses and by severe vibration and loss of comtrol which
wltimsetely limit the forward speed of the helicopter. An analysis of
flight measurements, including measurements obtained in the high—speed
condition, on a helicopter rotor-having plywoocd—-covered blades that
incorporated 80 of linear washout was presented in reference 3. These
results afforded the opportunity of verifying experimentully the
theoretically—predlicted effects of blade twlst on high-speed rotor
performence 1f data were avallable on a similar rotor having untwlsted
blades. Accordingly, flight measurements were obtained on an untwisted
plywood—covered rotor, having the ssme solidity, plan form, and airfoil
sections as the previously tested twisted blades, for the conditions in
which blade stalling was present, Because the effects oftwist—cannot
at present be theoretically determined in power—off vertical flight and
because of the importance of this condition from considerations of safety
and deeign, the sinking speeds of the helicopler in this condition were
also measured in order to determine whether significant differences
exleted between the untwisted and twisted blades. An anslysis of the
results of the msasurements is presgented herein, together with a com—
parison of the performance of—the twisted blades in the same flight—
conditions. '

Some limited data in the forward~flight-climb and autorotative—
glide conditlons, which were lncidentally obtalned, are also campared
herein with corresponding twisted—blade deata. In a1l cases, the test
meagurements are analyzed and correlated with calculationa obtained by
available rotor theory.

SYMBOLS

A : grogss welght of'heiicopter, pounds
b number of blades per rotor
R blade radius, feet
r radisl distance to blade element, feet
c blade—section chord at redius r, Tfeet

R

or? dr

Co equivelent blade chord, feet fOR

r2 dr_

[

0
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Po

rotor solidity (bee/*R)

everage main rotor-blade pitch at the 0.75 radius,
uncorrected for plsy in linkage or for blade
twist caused by alr loads, degrees

linear blade twist, obtalned as difference between
root and tlp pltch angles, positlive when tip
angle is greater

mass denslty of air, slugs per cubic foot

mass density of alr at sea level under standard
conditions (0.002378 slugs per cubic foot)

calibrated airspeed (indicated airspeed corrected
for instrument ingtallation errors, consldered

equal to V Vp/po in the present case), miles
per hour

true alrspeed of helicopter along flight path, miles
psr hour

horizontal component of true alrspeed of helicopter,
miles per hour

vertical component of true alrspeed of helicopter,
positive in climb, feet per minute

rotor angular veloclty, radlans per second

v
-1 v
engle of climb tan o=
el < 88vh>

rotor angle of attack; angle between projection in
plane of symmebtry of axis of no feathering and
line perpendicular to flight path, positive when
axis is pointing rearward, radians (The axis of no
feathering is defined as the axls about which there
is no first harmonic feathering or cyclic pitch
variation.)

AN
tip-speed ratio (2;552155)
QR
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Aaf _ correction to fuselage angle of attack to allow for rotor
>7.3 C
downwash, degrees (assumed equal to ———E7~L

e, corrected fuselage angle of attack, degrees

Qe blade~element angle of attack, measured fram line of
zero 1ift, radians

%(1.0)(270°) blade—element angle of-attack at tip of retreating blade
at 270° azimuth angle, degreses

L rotor 1lift, pounds

D rotor drag, pounds
T rotor thrust, pounds
Cr . rotor 1ift coefficient, uncorrected for air loads on
co
fuselage ‘%_CE.E’_Z
—ﬁVgﬁRE
2
Cr, rotor 1ift coefficient T
1l 2m2
=pV =R
2
CD rotor drég coefficient i——E——-
§¢v2mR2
Crp rotor thrust coefficient ——EJE—-—-
R=p(QR)2
(%) -rotor profile drag-lift ratilo
/0
(f) rotor profile drag—1ift ratlio as calculated from theory
Oth
(%) _ fétor'profile dfég-iift'ratio as calculated from
Cexp ..measured quantities
N
(%} ' parasite=drag contribution of tail rotopr divided by
Pt mein-rotor- 1ift
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<—%) parasite drag of fuselage, rotor head, and blade shanks,
Pr divided by main—rotor lift
G:)'-) drag—11ft ratio representing angle of c¢limb 7, positive
c in climb
(%)i rotor induced drag-lift ratio
(%) rotor drag-1ift ratlio; ratlo of equivalent drag of
r rotor to rotor 1ift (1—)) + (P->
. L/o iy

P/L shaft power parameter, where P 1is equal to rotor—shaft
power divided by veloclity along fiight path ani is
therefore also equal to drag force that could be
overcome by the shaft power at fiight velocity

APPARATUS AND INSTRUMENTATION

The test rotor was flown on a conventional helicopter, & general
view of which 1s shown in figure 1, and a three—~view drawing, including
dimensione and pertinent characteristice, 1s shown in figure 2. A
general view of the rotor blade, including its plean~form dlmensions, is
glven in figure 3.

The test rotor differed from the rotor used in the investlgation of
reference 3 by having zero twist instead of ~-8° twist. The blade profile
and surface condition of the two rotors were quite similar and the airfoil
gections of both rotors could be expected to have the same stalling angle.
Briefly, the blades were plywood—covered and were desligned with an
NACA 23015 section having the rearward 10 percent of the mean lins
reflexed 0.9°. The blade surfaces were refinished before the tests and
could be consldered aerodynamically smooth, although to build wup the
forward portion to a true contour as regards shape and maximum thickness
was not feasible. The molidity of the rotors was 0.042,

All quasntltlies necessary for the complete determination of the
performance of the test rotor were obtained from NACA recording Instru-—
ments. Particular care was taken in the measurement of airspeed and
main—rotor shaft torgque because of their critical influence on such
final performance parameters as the rotor drag~1ift ratlo.

Alrspeed was determined by means of a freely swivelling pltot—static
ingtallation mounted on the end of a long boom in front of the fuselage,
the airspeed hesd being about 2 fest In front of the main rotor disk.
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The installatlion was calibrated by means of a tralling piltot=static
"bomb" suspended approximately 100 feet below the rotor. In order to
insure zero horizontal alrspeed, both recorded and visual indications
of longitudinal and lateral velocity deviations from zero alrspeed were
employed in The vertical descent tests.

The maln—rotor-ghaft torque was obtained by means of a strain~
gage torque-meter, the strain-sensiltive elements being mounted on the
drive shaft between the gear box and the pylon thrust bearing. The
power regqulred by the main rotor was then calculated as the product of
the measured torgue and rotor rotational speed, the latter being
obtained with en NACA recording tachometer.

Photographs of the alrspeed instullations, as well as a detailed
description of the Ilnstrumentation and methods employed in the per—
formance measurements, will be found 1n references 3, 4, and 5.

REDUCTION OF DATA AND THEORETTCAL ANALYSIS

Rotor drag—lift ratlos were calculated for the forward—flight
condition from the general performance.equation expressed in coef—

ficient form as
P_(2 D D D
L <L)r " <L>Pf " (L.pt * (LDL

For each data point, values of P/L, (D/L)Pf, (D/I)Pt, and (D/L),
wore determined from measured data, as described in reference 4.

Rotor drag coefflclente in vertical autorotative descent were
obtained from the gross weight of the helicopter, the measured rate of
descent, and the alr temperature and pressure by the following formula

op = b
§¢V2KR2

The fllght data are compared with theoretical calculstions. Briefly,
the performance of the rotor in the level—flight, climb, and gilide con-~ '
ditions was computed from the performence charts of reference 6. The
gemiempirical theory covering the vertlical autorotative condition was
obtained from reference 7. The profile—drag polar used in the theo—
retical comparisons 1s representative of the drag charecteristic of well—
built plywood~coversd blades and 1s conslidered to apply to the two sets
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of rotor blades tested. Although section ddta over the working angle—of—
attack range are lacking for the untwisted and twisted test rotors, an
experimental check on thelr minimum profile—drag coefficient, obtained by
testing the rotor in the zero—thrust region, yilelded a 'value of 0.008,
which compared favorably with the value 0.0084 used in the theoretical
calculations, Further, the theoretical polar was based on tegts of air—
foil sections similar to that used in the test rotors. The actual and
theoretical polars were therefore assumed to be 1n agreement.

RESULTS AND DISCUSSION

Level flight.— Test data obtained in forward flight are listed in
table I, and the values of main—rotor drag-lift ratios and other
parameters derived from these data are given in teble II.

Both theoretlcal considerations and experimental studies have shown
that stalling first appesrs on a hellcopter rotor at the tip of the
retreating blade. This earller occurrence of stall at the tlp of the
retreating blade rather than near the root arises from the fact that the
gregter rotational speed of the tip sections, combined with the down
flow through the rotor disk, results in Jarger section angles of attack
at the tip. Tor a given operating condition, tip stalling can be
reduced by constructing the blade with negatlve twlst, so that the
blade tip sections will operate at lower angles of attack on a twisted
blade then on an untwisted blade. Although the lower tip angles are
obtalned at the expense of somewhat higher angles lnbosasrd, the highest
angles would still occur at the blade tip for the range of twists under
discussion (in the neighborhood of 8°).

The degree to which twist would be expected to delsy the occurrence
of high tip angles is illustrated in figure 4 for the test helicopter at
typical operating conditions. The figure shows that, at the same air—
speed, the calculated tip angles of attack of the blades having —~8° twist
are about 2.5° less than those of the untwisted blades over the speed
range shown.

The increased stalling to which rotors are subjected at higher
forward speeds results in increasling vibration and control difficulties
and. in higher rotor profile—drag losses. Data showing the effect of
rotor-blade stallling, as indexed by the angle of attack of the retreati
blade, are shown in figure 5(a) for the untwisted blades and in figure g?b)
for the twisted blades (reference 3). These data are presented in terms
of the ratio of messured to theoretical profile—drasg—1ift ratiocs plotted
as a function of tip angle. The stall data of figures 5(a) and 5(b) are
represented by straight—line falrings and for p oses of comparison, the
falring of the data for the twisted blade (fig. 5(b)) 1s also shown in

figure 5(a).
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It should be noted that if the tlp angle of attack could be precilsely
calculated for both rotors and i1f the shape and rate of growth of the
stalled areas on both rotors were the same, the faired curves of figure 5(a)

should coincide. The difference of spproximately 1&9 between the falred

date shown on the figure can therefore be atitributed to errors in the
calculation of the tip angles (which would be primarily due to agsumptlions
regarding the inflow distributions for the blades of-different twists) and
to differences between the shape and rate of growth of the gtalled areas.

The effectiveness of twlst i1n extending the speed range of the
helicopter by delaying blade stalling-and In reducing the profile—drag
power losses due to stall 1s shown In figure 6, which gives the varlation
of profile-dreg power wilth speed for the test helicopter at a typical
operating condition (W = 2625 1b, OR = 450 fps, Cp = 0.0050). The
curves of flgure 6 were obtained by combining the variation of speed
with tip angle as given by figure U4 with values of profile—drag power
computed fram the values of the proflle drag—1ift ratlios for the various
tip engles given in figure 5. This method of cross—plotting eliminates
the need for accurately predicting the difference in tip angles of attack
between both rotors by eliminsting the tip-angle parasmeter. The solid—
line curves in figure 6 represent the theoretical profile—drag power with
no allowance for blade stalling, whereas the dash—line curves represent
the theoretical power plug an expsrimemtal correctlon for blade stalling
ag obtalned from figure 5.

The results shown in figure 6 indicate that the theory (with no
allowance for stalling) underestimated the rotor profile—drag losses for
conditions resulting in calculated tip angles of attack agbove the stall,
the discrepancy increesing rapidly with the speed. The figure also shows
that stalling losses began at a speed 7 milles per hour (about 10 percent)
higher with the twisted blades than wilth the untwlisted blades. In this
connection 1t might be noted that 1f the previously dlscussed l%? dis—
crepancy in tip angles in figure 5(a) was applied “to the curves of
figure 4 as a correction factor, the 7 mile—per—hour delay in drag rise
due to blade twist would have been accurately predlcted.

The results shown in figure 6 also indicate that, once stalling was
developed on both rotors, the twlisted blades required approximstely
15 horsepower less to operate at the same speed than di1d the untwlsted
blades, the decrease in additional profile—drag power due to blade stall
emounting to epproximately 4O percent of the average profile-drag power
absorbed by the rotors in the unstalled conditions.

It 1s worthy of mention that the flight-conditions corresponding to
the highest calculated tip angle of attack obtained with the untwisted
blades did not correspond to the limit—of operation of the helicopter as

. set by excessive vibration and conbtrol difflculties. The hellcopter was
actually flown at a tip angle of attack that was 1° higher than the angle
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of attack shown by the highest data point in figure 5(a). The 1° increment
in tip angle corresponds to an iIncrease in airspeed of 6 miles per hour.
At the limiting condition, however, the severe shaking of the hellcopter
and the control difficulties encountered did not permit the measurement of
accurate performance deta. Thus, the concluslon drawn from the anslysis
of the twisted—blade data (reference 8) — namely, that the limiting con—
ditlon of operation corresponds to a calculated tip angle of attack that
exceeds the stalling angle by sbout 4° — is confirmed by the untwlsted
blade data. It follows that the lncrease in the limiting forward speed
brought about by the use of ~8° of twist 1s equal to the T mile—per—hour
deley in drag rise shown in figure 6 for the twisted blades.

Vertical autorotatlve descent.,— Rotor drag coefficients and related
data obtalned in the power—off vertlical-descent condition with the
untwlsted test rotor are listed in tgble ITI. The data are compared in
figure 7 with values of drag coeffilclent previously obtained with the
twisted bledes and wlth calculations made by a semiempirical theory
(reference 7) representing blades having solidities of 0.10 and 0.0k,
The theory mekes no allowance for blade twlst. Rotor drag coefficients,
which are a measure of the lifting abllity of the rotor in vertical
descent, are plotted in this flgure agaeinst the ratio of thruat coef—
ficient to solldity, which represents the rotor mean 1lift coefficient.
The agreement between the data for the untwlisted and the twisted blades
shown in flgure 7 1s significant 1n that 1t Indicates that negative
blade twist does not affect by more than a few percent the lifting
effectiveness of a rotor in vertical autorotative descent. The average
vertical rate of descent of the test helicopter, weighing 2625 pounds
at standard ses—level conditions is calculated from the data of figure T
to be approximately 2400 feet per minute snd would be the same for either
test rotor.

A comparison between the theoretical calculations and the experimental
twisted—~blade data reveals that, on the average, the semiempirical theory
overestimates the rotor drag coefficient by approximately 12 percent or
underestimates the measured rate of descent by spproximately 6 percent.

The results correspond to the results given in reference 3 for the twisted—
blade data; thus the conclusion drawn in this reference concerning the
degree of accuracy of the exlsting theory which covers the vertical—
autorotative-descent condition is substentiated. The comparison between
the gemiempirical theory and the data suggests that, 1f a more precilse
agreement is desired, the empirical part of the procedure should be
investigated. Such an investigation would involve repeating the basic
measurements relating the total flow through the disk in vertlcal descent
to the rate of descent with rotors having different plan—form shapes and
surface conditions.

Form torotativ — Climb data, which

were incidentally obtained in conjunction with the main set of test rums,
are presented in table I and derived parameters, in table IT. Inasmuch
as most of the measurements were obtained with various degrees of blade

grd—1liah or'o
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stall, they were analyrzed directly in terms of the ratlo of experimsntal
to theoretical rotor profile—drag—lift ratios and calculated tip angles
of attack, Thege psrametera are plotted in figure 5(a), together with
the polnts obtained in level flight, The results Indicate that several
oeffects of blade stalling on rotor performance are similar in level flight
and in climb, The theory increasingly underestimates the power expended
in profile drag as the tip angle of attack exceeds the blade—section
stalliling angle of attacks. These conclusions are the same as those drawn
for the climb resulta cobtained wlth the twisted blades in reference 3.

A closer examination of the climb data in figure 5(a) s 88 well as
those given in figure 5(b) Ffor the twisted blades, suggests however, a
gsomewhat higher and earlier occurrence of proflle—drag stalling losses
than obtained in level flight. This difference in atelling characteristics
implies that rotor theory, and particularly the tip—engie criterion, 1=
not as accurate for large rates of climb as for level flight. A difference
in accuracy for the two conditlons might be expected imasmuch ag the theory
was developed sgpecifically for level flight and moderate rates of climb,
wherein the usual assumptions regarding the trigonametric functions of
small angies are valid.

Two long auntorotative glides were also obtained wilth the untwisted
blades. These date are ligted 1n tables I and II, and are shown in
figure 8 in terms of rotor drag-lift ratios and tip—epeed ratios. Theo—
retical performance curves, representing the extrems values of measured
thrust coefficient, are alsc shown in the figure, together with the
megsured autorotastive performance of the twlsted rotor as given in
roference 3. Although 1t 1s not possible to draw any genersl conclusions
from a few data points, some significance can be attached to the fact
that withlin the gemeral scatter of the data, the autorotative performance
of both rotors are the same, so that negative twlst—might be expected to
have little effect on this condition. The experimental data are also
noted to be in good agreement with the theoretical curves, the theory
predicting no significant difference between the two rotors.

CONCIUSIONS

A comparison of flight—performence messurements made on an untwisted,
plywood—covered rotor with messurements on a similar rotor having 8° of
linear washoul, indicates the following concluslons:

1. Negative blade twist appears to be an effective means for
increasing the maximum forward speed of the helicopter as limited by
blade stall and for reducing the performance losses due to gtall at a
glven thrust coefficient and tip—speed ratio.

2. An increase of approximately T miles per hour or about—10 percent
in the limiting speed of the test helicopter appears possible with the
use of ~-8° of blade twist. In terms of power savings, the 7 miles per
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hour increasse in limiting speed represeunts, at a specific airspeed, =&
reduction of gpproximately 15 horsepower from the prafile—drag power
absorbed by the untwlsted blades, once stelling had developed on bath
rotors. This reduction In power amounts tc approximstely LQ percent

of the average proflle—drag power gbsorbed by the rotors In the unstalled
condition. )

3. Negative blade twlst has little effect on the rate of descent of
the helicopter in the verticel-sutorotative~flight condition.

b, On the basis of limited data obtained in forwerd—flight
autorotative glides, negative twist appeared to have Iittle influence
on the rotor drag—ilift ratlos in that condition.

Langley Aeronautical Lsboratory
Nationsl Advisory Committee for Aeronsutics
Langley Field, Va., April 22, 1948
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VERTICAT~AUTOROTATIVE-DESCENT DATA OBTAINED

TABLE IIX

WITE THE URIWISTED BLADES

Atmospheric Z,

o | | ol S.E%’%;;fm g | T 1%3233 o | o | o
(ar.) rpm) _

1 2617 | 0.937 73 28,74 —2580 238 |0.0046 | 0.110 § 1,12
2 P6E5 .91k 65 27.62 ~2540 236 .0049 115 1.21
3 2662 | .955 63 28,74 -£380 ekl | .00k5 ) 107 | 1.32
) 2652 k2 52 27.76 —2430 215 0057 135 | 1.27
5 2634 o4k 52 27.83 ~2390 220 005k A28 | 1.30
6 2655 .933 53 27.%6 —2500 2o 0054 Jd28 1 1.2
7 P63T 885 52 26.04 2540 299 0053 J26 | 1.23
8 2637 925 5. 27.22 -2393 229 | .0051 JA21 | 1.32
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Figure 1.- Test helicopter equipped with an untwisted, plywood-
covered set of main-rotor blades.
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Maln rotor:
Radius, €4 ., . & v ¢ & & « 4

Plade area (3 blades), sg ft : :-: : : 65, 4
Digk area, aq Tt o o « a s ¢ ¢ o+ o » L1341~
SOlid:Lty I SR R R S ot s 2 » :

Ratio of rotatlconal Bpeed to engins '
Bpeedil.lQIIUOOCIIQI0l107

Tall rotor:

Radiua, ft. . » ¢ e 0 a 5!96
Blade ares (5 'Dladea), 8q £t e s s e s 92
DlB'kal‘ea.,qut...--- s & r » 49-2
Ratio of rotatlongl speed to engina

Bpeedlinocnlbcnoc.ll0‘567

Center line of main rotor to center
line of teil rotor, T4 4 « « » & & « « 25.19

Paraalte-drag area, 8q £t « 4 o« + ¢ « « 22,92
Rated HOTBEPOWEY . « v o « s » o @ « 4 & 180

Figure Z2.- Dimensions and pertinent characteristics of test helicopter.
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Figure 3.- General view and pla.n-f_orm dimensions of test rotor blade.
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Figure 4.~ Theoretical effect of blade twist on the calculated blade-tip angles of attack and
limiting forward speed of test helicopter. W = 2625 pounds; QR = 465 feet per second;

CT = 0.0050.,
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(b} Twisted-blade data (from reference 3).

Figure 5.~ Stall analysis of data obtained with test rotors in level
flight and in climb.
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Figure 6.~ Effect of blade twist on rotor profile-drag power for test helicopter.
W = 2625 pounds; QR = 485 feet per second; Crp = 0.0050,
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Figure 7.- Comparison of the vertical autorotative performance

of untwisted blades with that of twisted blades and with results
obtained by semiempirical theory.
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Figure 8.~ Comparison of the autorotative glide performance of the untwisted blades with
the performance of the twisted blades and with theoretical resulis.
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